Graphite cuboids are abundant in ultrahigh-pressure metamorphic rocks and are generally interpreted as products of partial or complete graphitization of pre-existing diamonds. The understanding of the graphite cuboid structure and its formation mechanisms is still very limited compared to nanotubes, cones, and other carbon morphologies. This paper is devoted to the natural occurrences of graphite cuboids in several metamorphic and magmatic rocks, including diamondiferous metamorphic assemblages. The studied cuboids are polycrystalline aggregates composed either of numerous smaller graphite cuboids with smooth surfaces or graphite flakes radiating from a common center. Silicates, oxides, and sulphides are abundant in all the samples studied, testifying that the presence of oxygen, sulfur, or sulphides in natural systems does not prevent the spherulitic growth of graphite. The surface topography and internal morphology of graphite cuboids combined with petrological data suggest that graphite cuboids originated from a magmatic or metamorphic fluid/melt and do not represent products of diamond-graphite transformation processes, even in diamond-bearing rocks.
Introduction
Graphite, diamond, and lonsdaleite are well-known carbon polymorphs. The first two have broad industrial applications, while polycrystalline diamond-lonsdaleite aggregates are currently considered as a new super-hard material. Carbon polymorphs are of particular importance in the geosciences due to their inert and refractory nature. Moreover, diamond, graphite, and lonsdaleite are important PT-indicator minerals, with their stability fields defining lower pressure and temperature limits of host rocks.
There are numerous works devoted to the structure peculiarities and formation mechanisms of graphite, diamond, and lonsdaleite (see the review in [1] ). The coexistence of the three carbon polymorphs was suggested in zircon-hosted microinclusions in garnet-biotite feldspathic gneisses from the Kokchetav massif [2] . The predominant model for the lonsdaleite formation assumes its crystallization under the shock-PT conditions characteristic of meteorites or impactites [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Such PT conditions are also probable in mantle environments. However, only controversial findings of lonsdaleite have been reported in eclogites from the Kola Peninsula [14] , glaucophane-bearing eclogites of the Maksyutov complex [15] , and garnet-biotite gneiss from the Kokchetav massif [16] . In contrast to lonsdaleite, which is always found as aggregates with other carbon polymorphs [17] , diamond and graphite commonly occur separately, although in some localities, these carbon polymorphs can be recognized in an intimate association, as well (see [18] and the references therein). According to [19] , most diamonds nucleated Two series of experiments, one "dry" and one "wet", were performed in order to test the hypothesis of graphite cuboid formation due to diamond graphitization [48] . This experimental study revealed that in the "dry"-system at 2-2.5 GPa and 1400-2100 • C, even very fine details of the original cuboid and octahedron diamond crystals can be recognized on graphitized diamonds. In the "wet" system, none of the graphite cuboids, octahedrons, or complete graphite coatings on the original diamond crystals were observed ( Figure 4 in [48] ); however, similar to the results obtained in [49, 50] , many small negatively-oriented trigons were identified on the diamond {111} surfaces, testifying to their dissolution in H 2 O-rich fluid. Experimental studies of diamond and graphite crystallization from COH fluid or carbonate melt have demonstrated that at temperatures below 1300 • C, graphite is the first carbon polymorph to crystallize, even in the diamond stability field [51, 52] . It should be noted that in all experimental runs, graphite appeared either as perfect hexagonal crystals [51] or as a quenched soot, whereas graphite cuboids were never recognized. The conducted experimental studies clearly show that graphite cuboids can be obtained by diamond graphitization only in a "dry" system and at temperatures significantly higher than those reported even for ultrahigh-temperature complexes [53, 54] and diamond-bearing metamorphic terrains [55] [56] [57] [58] . Thus, the origin of graphite cuboids in natural systems remains poorly understood.
This study was undertaken to provide a mineralogical characterization of natural graphite cuboids from a series of worldwide terrestrial complexes with different geodynamic histories, i.e., the Kokchetav massif (Northern Kazakhstan), the Estes Quarry (West Baldwin, Cumberland County, ME, USA), the Maksyutov complex (South Urals, Russia), the Beni Bousera (Northern Morocco), and the Ozernaya mountain intrusion (Norilsk, Russia), as well as to address the question of graphite-cuboid genesis in the studied metamorphic and magmatic mineral associations.
Materials and Methods
In this study, graphite cuboids (2-1000 µm) were extracted by a thermo-chemical dissolution technique (the detailed description can be found elsewhere [59] ). Extracted graphite grains, polished samples, and thin sections were studied at Sobolev Institute of Geology and Mineralogy, Siberian Branch of the Russian Academy of Sciences (Analytical Center for multi-elemental and isotope research SB RAS), Novosibirsk, Russia. The samples were examined in reflected polarized light using an Olympus BX-52 optical microscope. The compositions, secondary electron (SE), and back-scattered electron (BSE) images of minerals were acquired using a Tescan MIRA 3 LMU scanning electron microscope (SEM) coupled with an INCA Energy 450+ XMax 80 EDS system (Oxford Instruments, Oxford, UK). Analyses were carried out using an accelerating voltage of 20 keV, a beam current of 1 nA, and a beam size of 10 nm.
Raman spectra were collected using a Jobin-Yvon LabRAM HR800 Raman Spectrometer. The system was equipped with a frequency-doubled Nd:YAG laser emitting at 532 nm and an Olympus BX41 optical microscope with an Olympus MPlan 100 × /0.90∞/0/FN22 objective. Spectra were collected at room temperature in backscattering geometry with a laser power of about 5 mW (to avoid graphite damage) and a spectral resolution of approximately 2 cm −1 . Spectra were calibrated using the 520.6 cm −1 line of a silicon wafer.
Carbon isotope compositions were determined on a Thermo Finnigan Delta Plus XL instrument. Analytical details of this procedure have been reported elsewhere [60] .
Geological Settings and Sample Descriptions
A brief petrological summary for the studied rocks containing graphite cuboids is presented in Table 1 . Mineral abbreviations used in Table 1 and throughout the text are as follows: Grt = garnet, K-Cpx = K-bearing clinopyroxene, Dol = dolomite, Cal = calcite, Mg-Cal = magnesian calcite, Bt = biotite, Ms = muscovite, Amp = amphibole, Kfs = K-feldspar, Qz = quartz, Tur = tourmaline, Czo = clinozoisite, Phe = phengite, Omp = omphacite, Gln = glaucophane, Ab = albite, Opx = orthopyroxene, Pl = plagioclase, Pgt = pigeonite, Wus = wustite, Tae = taenite, Ilm = ilmenite, Sul = sulphides, Po = pyrrhotite, Py = pyrite, Rt = rutile, Chl = chlorite, Zrn = zircon, Gth = goethite, Dia = diamond, Gr = graphite. 
Kokchetav Massif
The UHPM rocks of the Kokchetav massif (Northern Kazakhstan) are the type locality of metamorphic diamonds [64] [65] [66] [67] . However, as shown by De Corte et al. [68] , the presence of graphite, fluid/melt, and carbonates is a prerequisite for diamond formation in these rocks. There are several diamond-bearing localities within the Kokchetav massif, with the Kumdy-Kol microdiamond deposits [40, 41, 65, 66, [69] [70] [71] [72] and the Barchi-Kol area being the most renowned [61, [73] [74] [75] [76] [77] [78] [79] [80] . Graphite from these localities appears as nice euhedral flakes and their intergrowths, spherulites, and cuboids (Figures 2-7 ).
Garnet-Clinopyroxene Rocks and Marbles
Garnet-clinopyroxene rocks and marbles have the highest diamond grade among the Kokchetav rocks and consist of variable amounts of garnet, clinopyroxene, phlogopite, and carbonates (dolomite or Mg-calcite) [41, 67, 71, 81] . The diamond distribution in the garnet-clinopyroxene rocks from the Kumdy-Kol deposits is highly heterogeneous (Figure 2 ), and locally, the diamond contents reach 5000 carats per ton. Diamond crystals in these rock types may exceed 700 µm, while their average size is about 50 µm (Figure 2 ). There are yellowish or greenish diamond cuboids with well-defined growth zones [76, [82] [83] [84] . Diamond crystals are often surrounded by graphite coatings of variable thickness. Graphite in this rock type occurs chiefly as spherulites or cuboids ( Figure 6 in [22] and Figure 3 ). Single euhedral graphite crystals can be found exclusively as inclusions in diamond, K-bearing clinopyroxene, and garnet ( Figure 5 in [22] ).
In one sample of the garnet-clinopyroxene rock, there are several distinct zones characterized by a variable diamond and graphite content (Figure 2 ). Zone I contains the largest diamond cuboids up to 800 µm across. Graphite coatings on diamond crystals appear only occasionally within this zone. Zone II is enriched in sulphides (pyrrhotite, pyrite, chalcopyrite) and smaller diamond cuboids (up to 200 µm). These diamond grains are predominantly pure diamond crystals lacking graphite coatings and occur as inclusions in clinopyroxene and garnet or in the matrix. Note that diamond has been identified as inclusions in pyrrhotite from the Kumdy-Kol deposit for the first time (Figure 2a) . Previously, Schertl et al. [85] and Mikhno and Korsakov [86] claimed that samples enriched in sulphides are diamond-free. Zone III is enriched in graphite cuboids, with some of these cuboids containing a diamond core. Within the sample, there are no regularities in the spatial distribution of pure diamond crystals and those with graphite coatings. Graphite cuboids (Figure 3 ) consist of coarse-grained graphite aggregates (sub-individuals are up to 50 µm in size). Large euhedral graphite crystals tend to concentrate at the cuboid apexes (Figure 3a) , while the rest of the {100} surface is composed of relatively uniform graphite crystallites (Figure 3b ). Neither graphite cuboids, nor graphite crystallites display any dissolution features on the (0001) surfaces ( Figure 3) .
The morphologies of diamond and graphite cuboids from the diamond-bearing marbles (Kumdy-Kol deposit) are similar to those from the garnet-clinopyroxene rocks, but the crystal size of diamond and graphite in the marbles is significantly smaller (2-45 µm) [41, 68, 84, 87] .
Gneisses and K-Feldspar-Tourmaline-Quartz Rocks
In the garnet-biotite, garnet-clinopyroxene, garnet-kyanite-phengite gneisses from the Kokchetav massif, diamonds occur as cuboids with a varied morphology of the {100} surfaces [68, 80, 83, 88] . Octahedral diamond crystals with sharp edges can be found [22, 76, 89] only in the clinozoisite gneisses ( Figure 4 ) and some tourmaline-rich K-feldspar-tourmaline-quartz rocks (Figures 5 and 6 ). In contrast to the garnet-clinopyroxene rocks and marbles, all gneisses have a graphite content much higher than diamond. Generally, graphite occurs as euhedral flakes, having a relatively uniform distribution within the rocks. In some samples, there are bands ( Figure 5 ) and lenses enriched in graphite (see for the details Figure 2 in [37] ). Diamond and graphite crystals are concentrated within the same zones. Diamonds from the sample 2018G36 are perfect octahedrons ( Figure 5 ) that occasionally occur as intergrowths with hexagonal graphite flakes. Figure 5b shows the 0001 face of a graphite crystal perpendicular to a {111} diamond face.
Graphite cuboids from the Kumdy-Kol gneisses occur either as individual grains or their intergrowths ( Figure 7f ). Although the size of the graphite cuboids is comparable with that of the diamond crystals, in most cases, the graphite grains are larger than those of the diamond. SEM images of thermo-chemically-extracted graphite (up to 300 µm) and diamond (up to 50 µm) cuboids from the Kumdy-Kol gneisses are presented in Figures . We have not recognized any features of spiral growth on the pinacoid plane of graphite crystals similar to that reported in [48, 90] . Some graphite cuboids are composed of coarse-grained aggregates, while others comprise a suite of smaller cuboids, in which individual graphite flakes can be hardly distinguished by optical and scanning electron microscopy. 
Estes Quarry
The Estes Quarry (West Baldwin, Cumberland County, ME, USA) exposes a granite pegmatite hosting more than forty mineral species, including sulphides (arsenopyrite, chalcopyrite, galena, molybdenite, pyrite, pyrrhotite, sphalerite) and graphite [91] . The samples from the Estes Quarry were provided by G.T. Bearss and represent blocks of albite cross-cut by the graphite veins ( Figure 9 ).
Graphite occurs as spheres and somewhat less commonly as cuboids (Figures 9b-e and 10), but locally, the segregation of graphite cuboids constitutes massive aggregates ( Figure 9a ). The spherical and cuboid graphite aggregates show smooth surfaces (Figure 10c,d ), while their internal radial textures are due to relatively coarse-grained graphite flakes radiating from a common center (Figures 9e and 10b ).
Maksyutov Complex
The Maksyutov complex (South Ural, Russia) is a subduction zone metamorphic terrane that formed upon the closure of the Uralian Ocean during the Late Paleozoic [92] . The Maksyutov complex is the first among high-pressure metamorphic complexes, where the presence of coesite was suspected by Chesnokov and Popov [93] . Later, Leech and Ernst [94] described graphite cuboids (up to 1.5 cm in size) from this complex and interpreted them as pseudomorphs after diamond. So far, however, the UHPM origin of the complex has not been confirmed by an independent investigation [62] . For our study, the samples of a "graphitic schist" were picked from the same localities as described in [94] , for which the blueschist facies conditions of about 1.5-1.7 GPa and 600 • C have been proposed [62, 94] . The protolith of these rocks was likely a black shale subducted to a depth of about 60 km. However, in some samples, the alternation of eclogite-blueschist lithologies and "graphitic schist" can be observed (Figure 11 ). showing (b) large graphite cuboid surrounded by omphacite, garnet, and glaucophane and fine-grained graphite inclusions in these minerals, (c) large graphite cuboid in quartz-, and glaucophane-rich layer, (d) the spatial graphite distribution in high-pressure minerals (garnet and glaucophane) and quartz matrix, and (e) atoll-like graphite cuboid (outlined in red) with the mineral assemblages occupying the core of this cuboid and the matrix mineral assemblages being the same.
The "graphitic schist" consists of graphite (up to ∼40 vol. %), quartz (∼40 vol. %), small euhedral garnet porphyroblasts (∼10 vol. %) and phengitic mica (∼10 vol. %); pyrite, glaucophane, and rutile occur as accessory minerals (Figure 12 ). Graphite forms small euhedral crystals and cuboids up to 15 mm across. Graphite cuboids encompass abundant quartz inclusions (Figure 12e ), while anhedral graphite inclusions are enclosed in garnet porphyroblasts. Massive and atoll-like graphite cuboids occur together in the individual samples ( Figure 11 ). The former are made up of small randomly-oriented graphite crystals (up to 3 µm). We have not observed any variations in the grain size of these graphite crystals inside individual graphite cuboids from the core to rim ( Figure 13 ). Occasionally, graphite crystals are composed of spiral-like intergrowths (Figure 13f ), but no traces of spiral crystal-growth mechanism have been detected on the {0001} plane of individual graphite cuboids. There are some graphite cuboids that show radial textures (Figure 13i ,j) similar to graphite spherulites. As a rule, the {100} graphite cuboid surfaces resemble the morphology of diamond cuboids (see, for example, Figure 8 in [22] ). Atoll-like graphite cuboids consist of graphite-rich aggregates of matrix minerals outlined by almost pure fine-grained graphite aggregates, the latter being surrounded by graphite-depleted matrix (Figure 11e ). Figure 13 . SEM SE images depicting the morphology (a-g) and internal structure (h-j) of graphite cuboids from the "graphitic schist" (Maksyutov complex). Note the "macrospiral-like" graphite aggregate (f) and radial polycrystalline textures (i,j).
Beni Bousera Complex
The graphite-bearing samples from the Beni Bousera complex (Morocco, Northern Africa) were collected during the pre-conference excursion of the Lherzolite conference in 2014 organized by Prof. Carlos J. Garrido (IACT, Granada, Spain). Unfortunately, we were not completely sure if the samples studied by Slodkevich [35, 36] and Pearson et al. [95] came from exactly the same localities. The Beni Bousera pyroxenites consist of orthopyroxene (∼60 vol. %) and garnet (∼40 vol. %), and the accessory minerals are graphite and sulphides. The detailed petrographic description of these rocks was given by El Atrassi et al. (see [63] and the references therein), who reported microdiamonds in samples from this locality. In our samples, graphite occurs as euhedral flakes and occasionally as massive aggregates (Figure 14) , but neither microdiamonds, nor the graphite aggregates of octahedral/cuboid morphology similar to those described in [35, 36, 95, 96] have been recognized yet. Our efforts at using thermo-chemical dissolution of small rock blocks has proven unsuccessful in obtaining a graphite crystal with the cuboid or octahedral morphology, as well ( Figure 14 ). There appears to be no preferred orientation of graphite crystals within the studied graphite aggregates (Figure 14d ). The δ 13 C isotopic composition of the graphite aggregates is rather homogeneous and ranges from −24.9 to −25.1‰. These results are in a good agreement with the isotopic data for the graphite pseudomorphs after diamond (from −16 to −27.6 ‰) in the Beni Bousera rocks reported by Pearson et al. [97] .
Ozernaya Mountain Intrusion
The Dzhaltul igneous complex (Russia) is unique among the trap intrusions of the Siberian Platform and represents a tholeiite-basalt melt that differentiated from picritic gabbro-dolerite to quartz monzonite. The complex is known for its native iron, magnetite, and sulphide mineralization [25] . The Ozernaya mountain intrusion belongs to the Dzhaltul complex and hosts graphite-bearing rocks containing native iron (Figure 15 ). Details on the petrology and geochemistry of these mineral assemblages have been published elsewhere (see [25] and the references therein). Graphite cuboids (cliftonite) from this locality were first reported in [98, 99] . These graphite cuboids (up to 500 µm in size) appear as individual crystals of cubic habit or cube intergrowths.
They typically occur in "droplets" of native iron, extending from the surrounding silicate minerals towards metallic "droplets" (Figure 15b ). In our samples, the mineral assemblages coexisting with graphite cuboids consist of cohenite, kamacite, wustite, taenite, ilmenite, plagioclase, and pigeonite ( Figure 15 ). SEM study of the graphite external morphology revealed this type of graphite cuboids (cliftonite) to have a well-defined flat or blocky/mosaic {100} surfaces (Figure 16 ). 
Raman Spectroscopy
The Raman spectrum of graphite contains first-order (1100-1800 cm −1 ) and second-order (2500-3100 cm −1 ) regions [100] [101] [102] [103] [104] [105] . The main Raman band in the graphite spectrum is the E 2G2 vibration mode G (1580 cm −1 ). In the poorly-ordered carbonaceous material or disordered graphite, the additional D1 (1350 cm −1 ) and D2 (1620 cm −1 ) Raman bands or so-called defect bands testify to the in-plane defects and heteroatoms (O 2 , N 2 , H) in the graphite structure [23, 29] . The main peaks of a second-order region in the graphite Raman spectrum are 2400, 2700, 2900, and 3000 cm −1 , which result from the overtone and combination scattering [101, 104] . Beyssac et al. [105] proposed the use of the R1 and R2 ratios as a means of estimating the degree of graphite crystallinity, where R1 is a peak height ratio and R2 is a peak area ratio. Raman spectroscopic methods have been employed to study the thermo-chemically-extracted graphite cuboids, as well as unexposed inclusions and the polished graphite cuboids in thin sections. The spectral results are presented in Figures 17-20 and summarized in Table 2 .
We observed some variation in the Raman spectra of samples prepared using different techniques (i.e., thermo-chemical extraction and polishing). The largest differences in the defect-band intensities between thermo-chemically-extracted graphite and polished ones have been detected in the diamond-bearing garnet-clinopyroxene samples from the Kokchetav massif (Figure 17 ). For the thermo-chemically-extracted graphite cuboids from the Kokchetav garnet-clinopyroxene rocks, there is a good correlation of the full width at half maximum (FWHM) and the position of the D1 and G peaks from center to the rim of graphite cuboids (Figure 17b ). The variations in graphite crystallinity degree within the individual graphite cuboid are rather small. The Raman spectrum of the thermo-chemically-extracted graphite grains is characterized by a low intensity of the D1 band, while the intensity of this band in polished graphite is significantly higher, being comparable with that of the G-band (Figure 17b,d) . FWHM values (FWHM G = 16 cm −1 ) of thermo-chemically-extracted graphite crystals are roughly two-times lower than those of polished samples (FWHM G = 34 cm −1 ) (Figure 17b,d ). This evidence clearly indicates the effect of polishing during the sample preparation on the graphite Raman spectrum, which causes the increase of the defect band intensity. (Figure 17b,d ). This evidence clearly indicates the effect of polishing during the sample preparation on the graphite Raman spectrum, which causes the increase of the defect band intensity. ( Figure 17b,d ). This evidence clearly indicates the effect of polishing during the sample preparation on the graphite Raman spectrum, which causes the increase of the defect band intensity. For the thermo-chemically-extracted graphite cuboids from the Maksyutov complex, there is an increase of the FWHM D1 and an upshifting of the D1 peak with a simultaneous decrease of the FWHM G and a downshifting of the G peak from core to rim (Figure 18b ). For the polished graphite cuboids, there are no regularities in the variations of the D1 and G peak positions and the FWHM. For unexposed graphite inclusions, there are significant variations in the FWHM values of the D1 and G peaks, even for inclusions occurring within a distance of several microns (Figure 18e,f) . The differences in Raman spectra of graphite from the Maksyutov complex prepared by different techniques are less significant compared to those in the Kokchetav samples.
The two Raman traverses from the core to rim of polished graphite cuboids from the Ozernaya samples do not reveal any clear regularities in variations of the graphite Raman spectra (Figure 19 ). Only in some instances is an upshifting of the D1 and G peaks observed. Raman spectroscopic study of intact graphite cuboids (Figure 19e,f) demonstrates similar results with the data obtained from polished samples. The D1 and G peak positions and their FWHM are almost the same, although the peak intensity ratios are different (Figure 19e,f) . The study of unexposed graphite cuboids from the Ozernaya samples was hindered because of the opaqueness of the host minerals (Figures 15 and 19 ).
For the thermo-chemically-extracted graphite cuboids from the Maksyutov complex, there is an increase of the FWHM D1 and an upshifting of the D1 peak with a simultaneous decrease of the FWHM G and a downshifting of the G peak from core to rim (Figure 18b ). For the polished graphite cuboids, there are no regularities in the variations of the D1 and G peak positions and the FWHM. For unexposed graphite inclusions, there are significant variations in the FWHM values of the D1 and G peaks, even for inclusions occurring within a distance of several microns (Figure 18e,f) . The differences in Raman spectra of graphite from the Maksyutov complex prepared by different techniques are less significant compared to those in the Kokchetav samples.
The two Raman traverses from the core to rim of polished graphite cuboids from the Ozernaya samples do not reveal any clear regularities in variations of the graphite Raman spectra (Figure 19 ). Only in some instances is an upshifting of the D1 and G peaks observed. Raman spectroscopic study of intact graphite cuboids (Figure 19e,f) demonstrates similar results with the data obtained from polished samples. The D1 and G peak positions and their FWHM are almost the same, although the peak intensity ratios are different (Figure 19e,f) . The study of unexposed graphite cuboids from the Ozernaya samples was hindered because of the opaqueness of the host minerals (Figures 15 and 19 ). Raman study of the intact graphite cuboids and the cores of the broken graphite cuboids from the Estes Quarry revealed the external part of graphite cuboids to be more defective (Figure 20) . The external part of the graphite cuboids exhibits a Raman spectrum characterized by a large G band around 1580 cm −1 , usually encompassing both the G band and the D2 band. The D1 band is also Raman study of the intact graphite cuboids and the cores of the broken graphite cuboids from the Estes Quarry revealed the external part of graphite cuboids to be more defective (Figure 20) . The external part of the graphite cuboids exhibits a Raman spectrum characterized by a large G band around 1580 cm −1 , usually encompassing both the G band and the D2 band. The D1 band is also quite broad (>36 cm −1 FWHM) and more intense compared to that of the intact graphite cuboids from other localities. quite broad (>36 cm −1 FWHM) and more intense compared to that of the intact graphite cuboids from other localities. Figure 20 . Optical image (a) and Raman spectra (b) obtained for the intact graphite cuboids from the Estes Quarry. Blue and red spectra were collected at the {100} surface of the intact graphite cuboid (a), and a green spectrum was recorded in the core zone of the broken graphite cuboid (see Figure 10b ).
The Raman-based graphite geothermometer ( [105] , hereafter referred to as T Gr ) was used to estimate the formation temperatures of intact graphite cuboids from the samples studied ( Table 2 ). The lowest temperature estimates (470 • C) were obtained for graphite cuboids in the pegmatitic samples from the Estes Quarry. The Kokchetav samples yielded similar values (470 • C), consistent with the previous results [80] . Temperature estimates for intact graphite cuboids from the "graphitic schists" of the Maksyutov complex are as high as 550 • C. The highest temperature assessments (625 • C) were deduced for graphite cuboids from the Ozernaya magmatic rocks. Table 2 . Average parameters obtained from the Raman spectra of thermo-chemically-extracted graphite cuboids from different localities. R1 = D1/G peak intensity (i.e., peak height) ratio, R2 = D1/(D1 + D2 + G) peak area ratio, T Gr ( • C) = −445 × R2 + 641 [105] .
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Temperature Constraints on the Graphite Cuboid Crystallization
The temperature values obtained by T Gr vary not only between the studied complexes, but also within the individual samples [80] . It should be noted that only for graphite cuboids from the Maksyutov complex are the temperature estimates determined by T Gr , in a good agreement with the previous temperature values yielded by the garnet-clinopyroxene geothermometer for the peak metamorphic conditions [62, 94] . The lowest temperature estimates (470 • C) were obtained for graphite cuboids in the pegmatitic samples from the Estes Quarry, consistent with the graphite formation along cracks in the albite from impregnating fluids well past the albite formation. The application of T Gr to the studied Kokchetav samples gave temperature values ∼470 • C ± 50 • C, which are significantly lower than the temperatures obtained by the garnet-clinopyroxene [55, 56, 58, 71, 74] , Ti-in-zircon, and Zr-in-rutile [61, 80] geothermometers for the peak metamorphic conditions (1000-1100 • C and P = 5-7 GPa). Occasionally, some graphite cuboids in the Kokchetav rocks occur as intact inclusions associated with pure diamond in K-bearing clinopyroxene with K 2 O contents of about 1.5 wt % [22] , indicating their formation in the temperature range of 1200-1500 • C and pressure of >>4 GPa [106] .
The temperatures estimated previously for the cliftonite crystallization in the Ozernaya rocks are as high as 950-1200 • C (see [25] and the references therein). These temperature assessments are Figure 20 . Optical image (a) and Raman spectra (b) obtained for the intact graphite cuboids from the Estes Quarry. Blue and red spectra were collected at the {100} surface of the intact graphite cuboid (a), and a green spectrum was recorded in the core zone of the broken graphite cuboid (see Figure 10b ).
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Temperature Constraints on the Graphite Cuboid Crystallization
The temperatures estimated previously for the cliftonite crystallization in the Ozernaya rocks are as high as 950-1200 • C (see [25] and the references therein). These temperature assessments are about 300-600 • C higher than the values obtained by T Gr in this study. The discrepancy between the temperature values yielded by T Gr and those afforded by different geothermometers for the peak metamorphic conditions may indicate that T Gr cannot be applied to diamond-grade metamorphic rocks, although it shows a very good potential for the rocks that underwent low-T (<650 • C) high or ultrahigh-pressure metamorphism. Nevertheless, the occurrence of graphite cuboids in a variety of geological settings indicates that their crystallization is possible at a wide range of PT parameters and is not restricted to UHPM conditions.
The Effect of S and O on the Graphite Morphology
The modification of flake graphite in gray cast iron to the spherulitic or nodular form in ductile cast iron is of considerable technological importance [107] . The study by Johnson and Smartt [107] revealed that the sulfur and oxygen always present in commercial alloys adsorb at the graphite/melt interface, effectively "stabilizing" the active sites on the graphite basal planes and preventing the spherulitic growth. Contrary to the observation [107] , silicates, oxides, and sulphides are quite abundant in all our samples, indicating that the presence of oxygen, sulfur, or sulphides in natural systems does not prevent the spherulitic growth of graphite. The production of cast iron containing spherical graphite, as opposed to flake graphite, usually requires the presence of "nodularizers" such as Ce or Ce and Mg, which seem to promote the nucleation and growth of nodular (spherical) graphite (see [108] and the references therein). Double and Hellawell [109] [110] [111] noted that very thin graphite sheets should be able to roll up easily into loose spheres while floating freely in solution due to their extreme flexibility. Further, they proposed that the radial texture and the circumferential alignment of the graphene sheets result from a cone-helix growth mechanism from a common center. Sadocha and Gruzlesky [112] suggested that graphite spheroids in high-purity Fe-C-Si alloys result from the bending of the graphite platelets, through "circumferential growth" or "curved crystal growth" by the movement of steps around the surface of the spheroid. Later Stefanescu et al. (see [113] and the references therein) pointed out that spheroidal graphite can crystallize in high purity Ni-C and Fe-C-Si melts, as well as in "impure" industrial melts, where the level of surface-active anti-compacting elements (O and S) is drastically reduced through additions of reactive compacting elements (e.g., Mg, Ce, Ca). To achieve spheroidization in high purity melts, much higher solidification rates are required as compared to the industrial melts. With increasing purity and solidification rate, a transition from plate-like to spheroidal graphite occurs [113] . The SEM study of graphite cuboids has not revealed any traces of other elements besides carbon in our samples, implying a high crystallization rate.
It has been shown that graphite tends to grow as curved-circumferential plates around the spherical (MgCa)S nucleus [113] . Consequently, a sulphide (e.g., pyrite) or a diamond grain can also potentially serve as a spherical nucleus for further growth of spherical graphite. Based on the similarities of the carbon "onions" observed by Ugarte [114] and the spherical graphite observed in cast iron, where it also has its graphene sheets aligned circumferentially, Miao et al. [115] supposed that the nucleus of spherical graphite in cast iron might be a C 60 polyhedron. The occurrence of this unusual carbon form in geological materials seems to reflect very specific conditions of formation summarized by Jehlička et al. [116] , including plasma formation during rock transformation due to lightning [117] , impact events [118] , or specific high-temperature transformation of biogenic carbonaceous matter [119] . Recently, Cruz [120, 121] suggested that nanospheres, polyhedral particles, and nanotubes could be the precursor of diamond and tabular-or rod-shaped graphite inclusions in garnets from diamond-grade rocks of the Betic Cordillera, Spain. Unfortunately, the finding of microdiamonds from the Betic Cordillera was not confirmed by an independent study [122] . Hence, the role of fullerenes in the formation of microdiamond and graphite cuboids remains unspecified.
The formation mechanism of graphite cuboids is well constrained only for cliftonite-bearing samples from the Ozernaya mountain intrusion [25, 47, [123] [124] [125] . The study of meteoritic samples indicates that cliftonite originates by precipitation within kamacite [47] . Brett and Higgins [47] have also demonstrated that graphite with a cubic morphology may be synthesized in a Fe-Ni-C alloy annealed in a vacuum. There is a lack of information about the successful synthesis of cliftonite in oxidized environments.
The Role of COH Fluid in the Graphite Crystallization
COH fluids and melts have been considered as a crystallization media for both graphite and diamond in metamorphic rocks [22, 37, 40, 41, 48, 57, 65, 66, 68, 71, 79, [126] [127] [128] . Moderately oxidizing conditions are favorable for diamond crystallization from COH fluids [51] , while in reducing fluids, only graphite precipitates, even under conditions of the diamond stability field [129] . Based on theoretical constraints, Manuella [130] and Manuella et al. [131] argued that nanodiamond and other carbon compounds can originate hydrothermally from COH fluids in serpentinite-hosted hydrothermal systems. The crucial role in the nanodiamond stability was attributed to a crystal size as a function of temperature (see Figure 2 in [130] ). It should be noted, however, that graphite cuboids in our study are significantly larger (up to a few millimeters in size) than nanodiamonds; hence, the effect of grain size on the graphite/diamond transition is negligible.
An extensive TEM study of inclusions in UHPM diamonds revealed submicron inclusions of COH fluid, K-Ca carbonates, and apatite [132] [133] [134] [135] , but no rock-forming minerals have been identified among those phases. The lack of graphite precipitates on the wall of these fluid inclusions implies a very low content of dissolved carbon in the COH fluid. Palyanov et al [136] and Korsakov et al. [48] showed that carbon solubility in COH fluid is very low, even at temperatures as high as 1500 • C. Consequently, the graphite cuboids could not have been precipitated from the primary homogeneous COH fluids captured by garnet or clinopyroxene. The formation of graphite cuboids as a result of diamond recrystallization via dissolution-precipitation processes is also unlikely since there are no differences in the morphology of pure diamond and graphite-coated diamond crystals. Up to now, there are relatively few findings of spiral growth on the (0001) graphite crystal planes (such as those reported in [90, 137] ), especially in the UHPM environments [22] . The rarity of such findings in these environments may indicate that graphite crystallized from highly supersaturated COH fluid or melt.
The Origin of Graphite Cuboids: Is It Caused by the Diamond Graphitization?
The origin of graphite cuboids in UHPM rocks remains debatable. The generally accepted model for the origin of graphite cuboids in UHPM rocks is the partial graphitization of diamond during the retrograde metamorphic stage [39] [40] [41] [43] [44] [45] 138] . So far, the formation of graphite aggregates as products of the diamond graphitization processes is evident only for the Beni Bousera [35, 36, 96] and Ronda [139] complexes. Indeed, Slodkevich [35, 36] reported the graphite aggregates with almost perfect octahedral morphology and even their twins (see Figure 1 in [36] ). Similar graphite aggregates have not been reported from other complexes. Unfortunately, there are no published images illustrating the internal morphology of these aggregates. However, sketches presented in Figure 2 in [36] are in a good agreement with the experimental results of diamond graphitization [48, 123, 140, 141] . Graphite aggregates with an octahedral morphology have not been recognized in our samples, even where diamond has a perfect octahedral shape, whereas large graphite cuboids are common in the same samples. One could argue that large diamond crystals grew faster and therefore were more defective and easily transformed to graphite cuboids. On the other hand, the garnet-clinopyroxene samples from the Kokchetav massif have very broad variations of the diamond crystal size, as well as the size of graphite cuboids. Furthermore, there are no regularities in the spatial distribution of graphite cuboids, diamonds with graphite coatings, and pure diamond crystals in samples from the Kokchetav massif ( Figure 2 ). The largest diamond crystals (up to 700 µm in size) do not show any traces of graphite, whereas the smaller diamond crystals may be surrounded by graphite coatings of variable thickness. These coatings consist of graphite aggregates with increasing crystal size from the diamond-graphite interface towards the edges (see Figures 7 and 9 in [22] ). Pure diamond crystals and graphite cuboids frequently coexist within the same host mineral (garnet, clinopyroxene) at the micron scale. Contrary to diamond crystals, the graphite cuboids studied here occur in intergrowths with rock-forming minerals (Figures 2 and 21) , including K-bearing clinopyroxene with 1.5 wt % K 2 O, indicating their simultaneous UHPM crystallization [58] . All the observations on the diamond-graphite relationships outlined above allow us to argue against the mechanism of graphite cuboid formation in the studied rocks by the partial diamond graphitization. It is assumed that the graphite cuboid formation proceeded similarly to that of diamond cuboids [142] and was controlled by a fast crystallization rate and a high degree of carbon saturation in the fluid or melt.
We emphasize finally that quartz inclusions are very abundant in graphite cuboids from the Maksyutov complex (Figure 21a,b) , as opposed to SiO 2 (coesite) inclusions in diamond that occur only sporadically the world over [143] [144] [145] . This evidence indicates that these graphite cuboids crystallized within the quartz stability field and thus are not related to the complete graphitization of former diamond crystals, as has been proposed previously [94] . 
Concluding Remarks
Graphite cuboids have been identified in natural magmatic and metamorphic samples from different tectonic settings. All studied cuboids represent polycrystalline aggregates composed either of numerous smaller graphite cuboids with smooth surfaces or graphite flakes radiating from a common center. The graphite aggregates showing almost a perfect cubic morphology have been recognized exclusively in the cliftonite-bearing samples from the Ozernaya mountain intrusion. In contrast to the results obtained in experimental studies of cast iron [107, 111, 113] , the presence of sulfur and oxygen (or sulphides, oxides, silicates) in natural systems does not preclude the crystallization of graphite cuboids. The findings of graphite cuboids in a granite pegmatite (Estes Quarry), which has never been subducted to the diamond stability field, as well as in the diamond-bearing metamorphic rocks indicate that the formation of graphite cuboids may occur in a wide range of PT conditions. The origin of cuboidal graphite is therefore assumed to be unrelated to the partial or complete diamond-graphitization processes, but is attributed instead to graphite precipitation from fluid/melt. The rarity of traces of the spiral growth mechanism on the basal plane of graphite crystals is likely due to their fast crystallization from supersaturated carbon-bearing fluid/melt. 
